Daily changing temperature causes significant thermal stress in concrete pavement. Tensile stress obtained can exceed flexural tensile strength when the concrete slabs are subjected to large temperature gradient and traffic loads, resulting in pavement damages. In this paper, maximum tensile stresses in concrete slabs with different slab sizes, thicknesses, and length to width (L/W) ratios were investigated by using the finite element (FE) method. e important parameters in the design of concrete pavement are the flexural tensile strength and the fatigue limit. By analyzing the comparison results between the maximum tensile stress and the fatigue limit, the optimum slab size and the critical thickness were determined. e results indicate that the maximum tensile stress obtained is higher for larger slab size with thin thickness. Furthermore, to reduce cutting work and the amount of dowel bars, the optimum slab sizes of the regional airport concrete pavement are recommended as 4 m × 4 m to 6 m × 6 m. e critical thicknesses of 4 m × 4 m slab and 6 m × 6 m slab are determined as 28.2 cm and 34.7 cm, respectively, based on the most unfavorable coupling between positive and negative temperature gradients and the Boeing 737-800 aircraft load. Moreover, the maximum tensile stress increases as the L/W ratio increases. When the slab length is less than 6 m, it is better to use square slab in airport jointed concrete pavement (JCP).
Introduction
In the recent years, concrete pavements are preferred because of their high strength, good durability, less maintenance, and ease of procurement. In China, approximately 90% of civil airport pavements are constructed with Portland cement concrete (PCC) [1, 2] . Airport concrete pavement, as a sheet and large area structure exposed to natural environment, bears the long-term damage from the external environment, such as atmospheric temperature, humidity, and solar radiation [3] [4] [5] and aircraft repeated loads [6] , resulting in cracks, voids, and other defects [7] . Especially in the environment of large temperature difference between day and night, it is important to have a better understanding of the response of concrete pavement within its design life. erefore, in the design of airport concrete pavement, airport authorities are interested in selecting the preferred pavement design considering environmental factors and performance requirements.
PCC pavements expand and contract in the horizontal plane under temperature changes. Meanwhile, PCC pavements show upward curling or downward curling under the influence of temperature gradients [8] [9] [10] . However, these movements will be restrained or resisted by self-weight of concrete slabs and friction between slab and layer below it, inducing significant thermal stresses in concrete slabs [11] [12] [13] . For JCP, the thermal stress magnitude is directly related to the structural parameters and the constraints of the concrete slab. Tian et al. studied the effect of the base types and the conditions of constraint between the slab and the base on the thermal stress [14] . e findings imply that the thermal stress in the slab of lean concrete base is the largest. Moreover, when the contact state between the slab and the base changes from continuous to smooth, the thermal stress decreases significantly. Nam et al. proposed that subsurface conditions and joint/crack width affect the behavior and response of JCP [15] . It is noted that the slab tends to have smaller voids with the decreased subgrade modulus, and the longitudinal stress in its bottom edge increases as the crack width becomes tighter. Moreover, when concrete slabs are subjected to the combined action of the large temperature gradient and traffic loads, critical stresses may be developed. Many researchers have reported different slab sizes considering various factors. Huang suggested the sizes of concrete slabs are in the range of 15-30 ft (4.6-9.1 m) for JCP depending on the type of aggregate and climate [16] . Wei et al. suggested that the critical slab size of rural road concrete pavement was 2 m × 2 m considering the combined effect of 15°C temperature difference and 100 kN axes load [17] . Chattaraj and Pandey investigated critical stresses of square slabs of different sizes under dual wheel load using the FE method [18] . ey proposed that critical stresses are drastically reduced for smaller slab size. A number of studies related to thicknesses of concrete slabs and L/W ratios have also been conducted. Al-Nasra and Wang [19] and Nam et al. [15] have also revealed that the thicker slab has a greater fluctuation in the edge vertical movement. Vishwakarma and Ingle studied the effect of different sizes and L/W ratios of concrete slabs on their critical stresses under temperature load, traffic load, and combined effect of temperature and traffic loads [20] .
ey concluded that the tensile stress increases with the increase in the slab length and width. Tensile stresses for L/ W ratio 1.25 or below are almost the same. However, when L/W ratio exceeds 1.25, there is considerable increase in the maximum edge stress. e objectives of the present studies are to evaluate the critical stresses and deformations of concrete slabs considering different structural parameters and combined effects of various temperature and traffic loads. e optimum slab sizes, thicknesses, and L/W ratios of regional airport JCP related to environmental temperature and aircraft loads still need to be investigated. It is especially important for environment temperature occurring in Northeast China significantly influencing tensile stresses of concrete slabs.
erefore, field temperature and strain tests of a regional airport concrete pavement in Northeast China were performed. In order to analyse in detail distributions of maximum tensile stresses of different slab sizes, thicknesses, and L/W ratios under the most unfavorable load-bearing positions, we applied three-dimensional (3-D) analyses using the FE method. Here, based on the comparison results between the maximum tensile stress and the fatigue limit, the optimum slab size and the critical thickness are determined and the square slab is recommended. e obtained results can be helpful in design of new regional airport JCP and assessment of their load in countries with big temperature amplitudes.
Field Experiment

Temperature and Strain
Tests. Based on a regional airport concrete pavement project in Northeast China, distribution laws of temperature and strain fields in concrete slabs were monitored by embedding semiconductor temperature sensors and vibration wire strain sensors. Figure 1 shows the cross section of the pavement structure and the layout of the temperature and strain sensors. e airport pavement is composed of concrete slabs, cementtreated base (CTB), crushed-stone base (CSB), and subgrade (Table 1) .
e temperature and strain sensors are placed inside the concrete slab.
e guideline of CACC (China Airport Construction Group Corporation) recommends that the reinforced concrete cover depth should not be less than 50 mm in the design of airport reinforced concrete pavements [21] .
erefore, the embedded temperature and strain sensors are placed at a distance of 60 mm from the surface and bottom of the concrete slab.
e temperature and strain sensors are installed in the centre of the slab. In Figure 1 (a), four temperature sensors (T60/T140/T220/T300, the number represents its depth) are arranged in the vertical direction and the vertical spacing is 80 mm. In Figure 1 (b), two strain sensors are arranged at the surface and bottom, respectively, of which one (S60-1/S300-1) is in the transverse direction and the other (S60-2/S300-2) is in the longitudinal direction and the vertical spacing is 240 mm.
e temperature and strain data were collected continuously and automatically by using "Wireless transmission module JMTX-2014" and "DSC software platform." Data acquisition time was from August 1, 2016, to November 3, 2016 , and the data acquisition interval was set to 1 h.
Distribution Laws of Temperature and Strain Fields.
From August to November, the natural climate conditions in Northeast China change from midsummer to early winter and the ambient temperature significantly decreases. It is important to understand the behavior of concrete slabs under the environmental load including temperature gradient and environmental strain. erefore, the temperature and strain data of a typical day with maximum temperature difference between day and night in August and November were adopted. e data are used to analyze the daily temperature variations, temperature gradient distributions along the depth, and the incremental relationships between strain and temperature. e surface temperature exhibits extreme fluctuations. An increase in the depth successively decreases the amplitude of the temperature fluctuation. Figure 3 shows temperature gradient distributions along the depth over different months. Temperature distributions along the slab depth are nonlinear. e temperature gradients considerably vary at different times within a day. As shown in Figures 2 and 3 Table 2 . Figure 4 shows the temperature-strain increment relationships in a typical day over di erent months. e hysteresis of temperature data versus strain data is evident, and the paths of temperature increase and decrease do not coincide. When the increment of temperature is identical, a slight di erence is observed between the longitudinal and transverse strain increments and the increment of transverse is smaller. e temperaturestrain increment hysteresis loops of the bottom are significantly smaller than that of the surface due to the e ect of slab thickness. e size of the temperature-strain increment hysteresis loops varies in di erent months under the inuence of environment temperature.
Temperature Field Distributions.
Strain Field Distributions.
Modeling and Validation of FE Model
Model and Mesh.
To analyze the mechanical behaviors of concrete pavement given the measured temperature gradients, the 3-D FE model with nine concrete slabs was developed by using the FE software ABAQUS ( Figure 5 ). In the numerical simulation, multilayer structures of pavement, self-weight, two di erent joint types (dowel joint and key joint), and the interlayer contact surfaces were modelled. e dowel joint has dowel bars, and the key joint has tension bars at the mid-depth of concrete slabs. e 27-node solid elements (C3D27R) was used to discretize the pavement layers and dowel bars and tension bars, which were widely used in related researches and recommended by the ABAQUS program for plane stress analysis [22] [23] [24] . Each node of the C3D27R element has three degrees of freedom (U x , U y , and U z ). e C3D27R was used such that the accuracy of the mechanical calculation is not evidently a ected when the element meshes are distorted in numerical analysis.
Pavement Layers and Material Parameters.
e sizes of pavement layers are listed in Table 1 . According to geological exploration data and geotechnical tests, the material parameters of pavement layers are summarized in Table 3 . e coe cient of thermal expansion (CTE) used in the FE analysis was estimated by backcalculation by using the measured temperature-strain increment data ( Figure 4 ). e rst-order polynomial of the least squares method is used to obtain the average of CTE of the concrete mixture. In this study, the CTE is 9.86 × 10 −6 /°C.
Temperature Field in the FE Models.
From the temperature measurement results (Figure 3) , the nonlinear distribution of temperature is not negligible in the numerical analysis. Choubane and Tia proposed that the temperature nonlinear distribution throughout the whole depth of concrete slab can be adequately described by quadratic function as follows [25] :
where A, B, and C are coe cients and z is the distance from the slab surface. e temperature gradients of 50°C·m
were applied. Equation (1) was used to t the nonlinear distribution of positive and negative temperature gradients in concrete slabs based on the temperature data measured at 6 a.m. and 3 p.m. (Figure 3 ). In the FE models, it is assumed that the temperature of the whole base is a xed value, which is the bottom temperature of the concrete slab at the corresponding time.
Interlayer Contact Relations and Boundary Conditions.
e isotropic Coulomb friction model is used to simulate the tangential bond slip between the pavement layers. e airport pavement test section is a new concrete pavement, and thus, the contact between each layer is good. In the FE models, the friction coe cient is set to 1, and this implies that the layers are continuous. e normal contact between layers is set to the hard contact. Meanwhile, according to the researches of Tian et al. and Nam et al. [14, 15] , the smaller the joint width of adjacent slabs, the larger the stress in the concrete pavement under the same temperature load.
erefore, the two adjacent slabs are simulated as full contact.
e symmetrical boundary condition is set in x-axis, and the free boundary condition is set in y-axis for the concrete slabs. e bottom of the subgrade layer is modelled as xed with respect to the x, y, and z directions. e sides of the CTB, CSB, and subgrade are x-and y-axes symmetrical boundary conditions. Dowel bars were arranged in the transverse joints (dowel joints), and tension bars were placed in the longitudinal joints (key joints).
Model Validation.
Based on the temperature and strain data and the elastic thin plate theory, the measured stresses of the test slab are calculated as follows [26] :
where σ x is the longitudinal stress (MPa); σ y is the transverse stress (MPa); E is Young's modulus (MPa); ] is Poisson's ratio; ε x is the longitudinal strain (με); ε y is the transverse strain (με); α is the CTE (/°C); and T(z) is the temperature at the depth of z in the slab (°C). Figure 6 presents a comparison between the computed stresses predicted by using the FE models and the measured stresses calculated by using equations (2) and (3). Here, S-measured and S-computed represent the measured stresses Advances in Materials Science and Engineeringand computed stresses on the surface, respectively; B-measured and B-computed represent the measured stresses and computed stresses at the bottom, respectively. e results identify that the FE analysis results are in good agreement with the measured results in terms of the stress amplitude. e maximum di erence of tensile stresses obtained by the two methods is 0.33 MPa in the longitudinal direction and 0.22 MPa in the transverse direction. Meanwhile, the maximum di erence of compressive stresses is −0.41 MPa in the longitudinal direction and −0.37 MPa in the transverse direction. So, the FE method can e ectively predict the mechanical properties of the concrete pavement.
Calculation Conditions considering the Temperature and Aircraft Loads
Aircraft Dynamic Load.
e aircraft dynamic load is related to the sliding speed, the pavement roughness rating, and the lift of the wing. Lv et al. proposed an aircraft dynamic load coe cient model based on the International Roughness Index (IRI) [27] :
where K ′ is the aircraft dynamic load coe cient; c 0 10 −3 m −0.5 ·s 0.5 ; ] is the sliding speed; and ] 0 is the instantaneous speed of aircraft taking-o . e formula for solving the aircraft dynamic load is as follows:
where F is the aircraft dynamic load and G is the aircraft static load (i.e., the maximum ramp weight). e maximum allowable aircraft type is Boeing 737-800 in the design of the regional airport concrete pavement. Zhang et al. suggested that when K ′ 1, the dynamic load is equal to the maximum ramp weight and the maximum ramp weight multiplied by K ′ 1.15 is used as the maximum take-o weight of the Boeing 737-800 aircraft for the fatigue strength of the concrete pavement [28] . Commonly, the fatigue strength of the concrete material is much lower than the ultimate compressive strength [29] .
erefore, the maximum take-o weight (1.15 times the maximum ramp weight) is used as the dynamic load in the stress analysis of the concrete slabs based on the fatigue limit criterion, fully meeting the static strength requirements.
e maximum dynamic load and related parameters of the B737-800 aircraft are listed in Table 4 . Since the main landing gears Figure 7 (a) shows a schematic illustration of the wheel con guration of the Boeing 737-800 aircraft, and Figure 7 (b) shows the ground shape of the aircraft wheel, which is approximately composed of a rectangle and two semicircles.
Coupling of the Temperature and Aircraft Loads.
Because the measured temperature is the temperature inside the concrete slab, the temperature di erence between the surface and the bottom of the concrete slab is bigger. In numerical analysis, the positive and negative temperature gradients between the surface and the bottom of the concrete slab are set to ±50°C·m −1 and ±60°C·m
, respectively. When considering the combined e ects of the temperature and aircraft loads, the most unfavorable load positions of the concrete slab are di erent. Related researches indicated that the longitudinal middle edge of the concrete slab is the most unfavorable area given positive temperature gradient and tra c load. However, the slab corner is the most unfavorable area given negative temperature gradient and tra c load [30, 31] . In this study, analysis is performed for two cases: (a) combined actions of positive temperature gradients and the single axle dual wheel load on the longitudinal middle edge of the concrete slab; (b) combined actions of negative temperature gradients and the single axle dual wheel load on concrete slab corner. Uniform area load is assigned in gravity direction to represent the single axle dual wheel load.
FE Model Calculation Cases.
Because the width of the main landing gear of the Boeing 737-800 aircraft is 6.58 m, the main landing gear acts on separated slabs when the slab size is less than 3 m × 3 m, while the main landing gear acts on a single slab when the slab size is more than 6 m × 6 m. Figure 8 shows distributions of the single axle dual wheel load on concrete slabs with di erent sizes, only the case of slab longitudinal middle edge as shown in Figure 8 . In addition, pavement design guidelines [21, 32] recommend that the thicknesses of concrete slab should not be less than 20 cm and the L/W ratios of slab should be 1∼1.25. Vishwakarma and Ingle presented that most of the concrete pavements have a thickness below 35 cm [33] . ey have also concluded that the critical stresses of the concrete slab for L/W ratio 1.25 or below are almost the same [20] . In this study, to optimize structural parameters of regional airport JCP, given the combined e ect of large temperature gradient and aircraft loads, 144 numerical models were developed, as shown in Table 5 .
Analysis of Results and Discussion
Determination of the Fatigue Limit.
In the CACC guideline, equation (6) is used to analyze the fatigue life of concrete pavement. In addition, the NCHRP1 26 fatigue function (equation (7)) was recommended in the research report of the research and application of new technology for large military transportation airport pavement engineering construction conducted by the Tongji University. Equation (8) expresses the stress-strength ratio:
where N is the fatigue life of the pavement slab; e is the stress-strength ratio; σ is the maximum tensile stress (MPa); and f is the exural tensile strength (MPa). According to the design requirements of the regional airport in Northeast China, the passenger handling capacity is 400,000 person times in a year. e maximum passenger volume of the Boeing 737-800 aircraft is 189 people.
erefore, the annual take-o times of the Boeing 737-800 Advances in Materials Science and Engineeringaircraft are determined as 2117 times. e designed service life of the airport pavement is 30 years, and thus N � 2117 × 30 � 63,510 times. When compared with the results of stress-strength ratio as obtained by equations (6) and (7), the lower value is used that is e � 0.61. In this study, the flexural tensile strength of the concrete is 5.5 MPa. us, the fatigue limit of the concrete pavement is 3.3 MPa.
Optimization Analysis of Slab
Size. Figure 9 shows the maximum tensile stresses computed by FE models of different slab sizes and thicknesses, given the unfavorable coupling of the temperature gradients (±60°C·m −1 ) and the Boeing 737-800 aircraft load. e flexural tensile strength (σ � 5.5 MPa) and the fatigue limit (f � 3.3 MPa) of the concrete slabs are also denoted in Figure 9 . e slab size has a significant influence on the maximum tensile stresses.
e maximum tensile stresses are found to be increasing with the increase of the slab size. Compared with the maximum tensile stresses in 2 m × 2 m slab, those in 9 m × 9 m slab increase by 2.36 MPa under the combined effect of 60°C·m −1 and the slab edge load and 2.17 MPa under the combined effect of −60°C·m −1 and the slab corner load, respectively.
Load application area On the one hand, when the slab size is larger than 7 m × 7 m, the maximum tensile stresses are more than the fatigue limit under the combined e ect of 60°C·m −1 and the slab edge load and more than or slight less than the fatigue limit under the combined e ect of −60°C·m −1 and the slab corner load, respectively. On the other hand, the maximum tensile stresses in 2 m × 2 m slab and 3 m × 3 m slab are less. However, from the construction viewpoint, a decrease in the slab size inevitably increased the work of cutting joint and the amounts of materials such as dowel bars and tension bars. Consequently, the optimum slab sizes of the regional airport concrete pavement in Northeast China are recommended as 4 m × 4 m to 6 m × 6 m.
It also shows a sudden increase in the maximum tensile stress of 6 m × 6 m slab.
is is because wheel is placed exactly at the edge for this width of slab. us, when the width of the concrete slab is close to the width of the main landing gear, the single axle dual wheel load acting on the key joints of both sides will easily cause greater tensile stress. Figure 9 , the slab thicknesses also have a signi cant e ect on the maximum tensile stress.
Optimization Analysis of Slab ickness. As shown in
e maximum tensile stress gradually decreases as the thickness of concrete slab increases. When the slab size is 9 m × 9 m, the maximum tensile stress in a 40 cm thick slab decreases by 2.34 MPa compared to that in a 20 cm thick slab under the combined e ect of 60°C·m −1 and the slab edge load and by 2.22 MPa under the combined e ect of −60°C·m −1 and the slab corner load, respectively. is is because the maximum tensile stress is related to the bending sti ness of the concrete slab. An increase in the bending sti ness decreases the maximum tensile stress [20, 33] . Moreover, the bending sti ness of the concrete slab is proportional to the third power of the slab thickness. us, an increase in the slab thickness increases the bending sti ness. e bending sti ness is expressed as follows [34] :
where D is the bending sti ness (N·m) and h is the slab thickness (m). e concrete slabs with di erent sizes have di erent critical thicknesses under the same combined e ect of the temperature gradient and aircraft loads. Figure 10 shows the critical thicknesses of concrete slabs, given the combined e ects of di erent temperature gradients (±50°C·m −1 or ±60°C·m −1 ) and the Boeing 737-800 aircraft load. Obviously, for the concrete slab with same size, the larger the temperature gradient, the larger the critical thickness required.
e critical thicknesses of 4 m × 4 m slab and 6 m × 6 m slab are 28.2 cm and 34.7 cm, respectively, under the combined e ect of 60°C·m −1 and the slab edge load. However, the critical thicknesses of 4 m × 4 m slab and 6 m × 6 m slab are 27.4 cm and 33.1 cm, respectively, under the combined e ect of −60°C·m −1 and the slab corner load. us, with respect to the combined e ects of ±60°C·m −1 and the Boeing 737-800 aircraft load, the critical thicknesses of 4 m × 4 m slab and 6 m × 6 m slab are determined as 28.2 cm and 34.7 cm, respectively. Figure 11 shows variations of maximum tensile stresses for di erent L/W ratios under the combined e ects of 60°C·m −1 and the slab edge load or −60°C·m −1 and the slab corner load. e maximum tensile stress increases with the increase of the L/ W ratio for the same width of concrete slab. is is because temperature stress gets added to aircraft load stress that enhances the total stress in the concrete slab. When the slab length is less than 6 m, the maximum tensile stress in the slab for L/W � 1.3 increases by 0.50 MPa compared to that in the slab for L/W � 1. But, for the slab with a length of 6 m or 7 m, different L/W ratios have a slight effect on the maximum tensile stress. Consequently, when the slab length is less than 6 m, it is better to use square slab in airport JCP.
Optimization Analysis of L/W Ratios.
Conclusions
In order to optimize the structure parameters such as slab size, thickness, and L/W ratio of regional airport JCP, 3-D FE models were developed by using ABAQUS. e effects of different slab sizes, thicknesses, and L/W ratios on the maximum tensile stresses were investigated. In the numerical model, FE simulations of the environment gradient and Boeing 737-800 aircraft loads were modelled. Moreover, the environmental load was based on findings from the field temperature gradient. By analyzing the comparison results between the maximum tensile stress and the fatigue limit of the concrete slab, the following significant conclusions are made:
(1) e maximum tensile stresses alter largely as the structure parameters of JCP vary. e maximum tensile stress obtained is higher for larger slab size with thin thickness. 
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